Magneto-optic far-infrared study of Sri4Cu2404i: triplet excitations in chains. 
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Using far-infrared spectroscopy we have studied the magnetic field and temperature dependence 
of the spin gap modes in the chains of Sri4Cu2404i. Two triplet modes Ti and T2 were found in 
the center of the Brillouin zone at Ai = 9.65 meV and A2 = 10.86 meV in zero magnetic field. The 
Ti mode was excited when the electric field vector E of the hght was polarized along the b axis 
(perpendicular to the planes of chains and ladders) and T2 was excited for E || a (perpendicular 
to the chains and along the rungs). Up to the maximum magnetic field of 18 T, applied along 
the chains, the electron g factors of these two modes were similar, gic = 2.049 and g-ic = 2.044. 
Full linewidth at half maximum for both modes was lcm~^ (0.12 meV) at 4K and increased with 
T. The temperature dependence of mode energies and line intensities was in agreement with the 
inelastic neutron scattering results from two groups [Matsuda et ai, Phys. Rev. B 59, 1060 (1999) 
and Regnault et ai, Phys. Rev. B 59, 1055 (1999)]. The Ti mode has not been observed by 
inelastic neutron scattering in the points of the fc-space equivalent to the center of the Brillouin 
zone. Our study indicates that the zone structure model of magnetic excitations of Sri4Cu2404i 
must be modified to include a triplet mode at 9.65 meV in the center of the magnetic Brillouin zone. 

PACS numbers: 78.30.-j, 75.25.+Z, 75.10.Pq, 63.20.Kr 



I. INTRODUCTION 

Heisenberg spin 1/2 systems have been investigated 
extensively both by experimental and theoretical means 
due to their versatile low-energy physical properties and 
also because of their relevance to high- Tc superconduct- 
ing materials. The search for high- Tc superconductor ma- 
terials has led to a new structure type^'^ represented by 
Sri4Cu2404i containing both one-dimensional Cu02 spin 
chains and two-dimensional CU2O3 spin ladders. Planar 
chains and ladders in this compound extend in c axis 
direction and are alternately stacked along the b axis, 
separated by layers of Sr. Chain and ladder spin subsys- 
tems in Sri4Cu2404i interact weakly and are structurally 
incommensurate although the lattice constants in c direc- 
tion satisfy an approximate relation lOcchain ~ 7ciaddcr- 
The conductivity in Sri4Cu2404i is associated with the 
charge dynamics in the ladder layers. Sr substitution 
for Ca and external pressure leads to hole transfer from 
the chains to the ladders and to the occurrence of su- 
perconductivity in Sro.4Cai3.6Cu2404i with Tc = 12 K 
at 3 GPa.'^ For a comprehensive overview on the charge 
and spin dynamics in this class of materials the reader 
is directed to Ref. 4. Pure Sri4Cu2404i is a self-doped 
compound containing six holes per unit cell. A chain 
hole occupies oxygen 2p orbitals surrounding a central Cu 
spin and forms a Zhang-Rice (ZR) singlet^ (-0-), render- 



ing nonmagnetic about 6 out of 10 Cu sites. Spin dimers, 
two Cu^+ spins bridged by a ZR singlet (-t-O-J,-),^^ are 
in the singlet state. Inelastic neutron scattering, ^"^^ high 
energy X-ray diffraction^^ and NMR^ measurements have 
indicated that dimers organize with a periodicity of 5 
chain units and are separated by two ZR singlets (-t-0- 
i-0-0-). 

Recent revised structural studies indicate extensive O 
atom position modulation out of the chain planes in 
Sri4Cu2404i""^'^ and Sro.4Cai3.6Cu2404i.^* This mod- 
ulation causes variations in the super-exchange between 
Cu atoms along the chain. ^^'^^ In addition, displaced 
O atoms mediate the hole transfer between chains and 
ladders. It is estimated from bond- valence sum calcula- 
tions, X-ray absorption spectroscopy, magnetization and 
optical conductivity measurements^'^^'^^"^^ that 1-4% of 
the self-doped holes reside in the ladders in undoped 
Sri4Cu2404i at low temperature. The deficiency of holes 
in the chains means that the perfect alignment of dimers, 
separated by two ZR singlets yielding five chain unit pe- 
riodicity, cannot be satisfied. There is a lack of consensus 
in the literature regarding spin and charge order in the 
chains of Sri4Cu24 04i and the nature of the underlying 
ground state. We studied magnetic excitations using far- 
infrared (FIR) spectroscopy and strong magnetic fields 
with the aim to identify the spin states present in the 
chains of Sri4Cu2404i. 
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II. EXPERIMENTAL 

FIR transmission spectra were recorded with a polar- 
izing Martin-Puplctt type Fourier transform spectrome- 
ter SPS200. Samples, a 12T superconducting magnet, 
and two 0.3 K silicon bolometers were inside a ^He cryo- 
stat connected to the spectrometer through light pipe. 
A rotatablc polarizer was placed in front of the sam- 
ple. Absorption spectra were calculated considering two 
back reflections from the sample. Spectra in fields above 
12 T were measured at NHMFL in Tallahassee utilizing 
Bruker IFS113v with a 18T superconducting magnet 
and a 4K silicon bolometer. Two single-crystalline sam- 
ples of Sri4Cu2404i were used in the current study: a 
1.1 mm thick crystal with an (a6)-plane area of 13.2 mm^ 
and an (ac)-plane crystal with an area of 12.6 mm^ and 
a thickness of 0.65 mm. 



III. RESULTS 

Polarization-sensitive transmission measurements in 
the FIR spectral region revealed an anisotropic response 
from the crystal (ab) plane. When the external magnetic 
field was applied along the c axis of the crystal (along 
the chains), two magnetic field dependent modes, Ti and 
T2 were found, which we assign to spin excitations in the 
chains of Sri4Cu2404i. Transitions to the triplet state Ti 
were visible when the electric field component Ei of the 
radiatioan was polarized along the b axis. Observed dif- 
ferential absorption spectra, measured in different mag- 
netic fields at 4K, are shown in Fig. 1. In the spectra ref- 
erence field lines are pointing downward and lines in the 
measured fields are pointing upward. The triplet state 
has three spin sublevels, Ms = —1, 0, +1 what we denote 
as T(-), T(0), and T(-f), see inset to Fig. 3. The reso- 
nance frequency of the Ti (0) level docs not shift with field 
and thus escapes detection. The transition to the Ti(— ) 
sublevel loses intensity as the line shifts toward smaller 
energies in increasing field and gets too weak for detec- 
tion in fields above 12 T. The transition to the Ti {+) level 
gains intensity with increasing magnetic field up to the 
observation limit set by the strong plionon background 
at 92 cm~^ where the crystal becomes opaque to FIR 
radiation in Ei || b polarization. 

In El II a polarization transitions to the triplet state 
T2 are observed (Fig. 2). Transitions to the T2(-l-) level 
in fields below 2 T and to the T2(— ) level are masked by 
strong absorption below 89cm~^. To check the light po- 
larization and Bo orientation dependence, measurements 
on a thinner (ac)-plane crystal in Faraday and Voigt con- 
figuration were carried out. When Bq || b the triplet 
T2 mode disappears from the infrared absorption spec- 
trum. Some absorption lines belonging to the T2(— ) level 
were detected in Voigt configuration. However, because 
of strong phononic absorption the intensities of T2(— ) 
were not reliable and are not included in Fig 3a. 

The spectral lines were fitted with a Lorentzian line 



shape. Line positions and intensities as a function of 
magnetic field are displayed in Fig. 3. We assume that 
Ti(— ) and Ti(+) are degenerate at = OT and plot 
half of the measured line intensity for this field value. The 
same holds for the T2 triplet. Linewidths of both triplets 
are 1±0.2 cm^^ and do not depend on the strength of the 
magnetic field. The corresponding g factors are similar, 
gic = 2.049 ±0.012 and g2c = 2.044 ±0.014. Additionally 
we observed a strong paramagnetic signal at 4 K with 
gc = 2.038 ± 0.016. The linewidth of the paramagnetic 
signal was below the used instrumental resolution limit, 
0.3cm-i. 

The temperature dependence of the singlet-triplet res- 
onances was measured as the difference of T and 10 T 
spectra at temperatures from 4K to 60 K, see Fig. 4. 
Fig. 4b shows absorption lines in OT field for triplet Ti. 
Sri4Cu2404i is not transparent in Ei || a polarization 
at zero field line position frequencies of T2 and therefore 
we analyze the T dependence of this triplet level in lOT 
field. Although both lines broaden and lose intensity as 
temperature increases, the T dependence of line positions 
is different. The Ti triplet resonance shifts notably to- 
ward higher energies whereas the energy of T2 remains 
unchanged, see Fig. 4c. 



IV. DISCUSSION 

The dispersion curves of two magnetic excitations, 
acoustic and optic, with respective energies llmeV 
and 12.5 meV at k points equivalent to k = have 
been measured by inelastic neutron scattering (INS) 
spectroscopy.^'^" A good fit of the experimental data 
was obtained by the simplest model for a weakly cou- 
pled dimer system. The dispersion in the c axis direc- 
tion follows a cosine form with the periodicity of 0.2 re- 
ciprocal lattice units (Fig. 5). The temperature depen- 
dence of INS data demonstrated that with rising tem- 
perature the dispersion curves flatten out since the inter- 
dimer couplings become negligible^ due to thermal fluctu- 
ations and the dimers behave more like isolated dimers. 
As the dispersion curves flatten, the acoustic mode at 
k space points near the Brillouin zone edge {H, K.O.I) 
shift toward higher energies while the triplet state en- 
ergy at {H, K, 0) does not change (reciprocal lattice units 
H and K are integers in our discussion). In contrast to 
these considerations, the energy of the optic branch at 
{H,K, 0.1) in the momentum space displays no temper- 
ature dependence while the energy near {H, K, 0) lowers 
notably with temperature. 

It follows from the momentum conservation that an ab- 
sorbed infrared photon creates a triplet excitation with k 
equal to photons momentum, k « 0, this is in the center 
of Brillouin zone. INS data^'^" shows no excitation at 
9.65 me V in the center of the Brillouin zone that would 
correspond to the triplet excitation Ti , seen in FIR spec- 
tra. A possible explanation to overcome this discrepancy 
with INS results is to consider zone folding. Doubling 
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of the unit cell size in the c axis direction is consistent 
with FIR data since then the energy of the back folded 
acoustic branch at {H, K, 0.1) point would coincide with 
the energy of Ti, see Fig. 5. Indeed, the triplet mode Ti 
has a similar temperature dependence of its energy as the 
acoustic mode at k points equivalent (any integer value 
of H and K) to {H,K,().l). We conclude that a magnetic 
unit cell of lOcchain is compatible with our results. 

The triplet T2 has an energy similar to the acoustic 
mode at (H,K,0). In the folded zone picture the (H,K,0.1) 
point moves to the center of the Brillouin zone and is 
infrared-active as well. Due to the experimental uncer- 
tainty of the INS experiment (~0.5 meV) and a simi- 
lar temperature dependence of acoustic and optic modes 
at this energy (« 11 meV) we cannot determine exactly 
whether the triplet T2 belongs to the acoustic or the zone 
folded optic branch of excitations, seen by INS. However, 
the k points equivalent to (iJ , 0) points of the acous- 
tic excitation are closer in the energy scale to the triplet 
level T2, seen by FIR. Consequently we assign triplet T2 
to the chain acoustic excitation branch (in INS notation) 
at k = point in the momentum space and refine the 
spin gap value for this point to 10.86 meV (87.7 cm~^). 

The T dependence of intensity of the observed FIR 
transitions, /, is proportional to the population dif- 
ference of singlet and triplet levels if we assume that 
the transition matrix element is independent of tem- 
perature. Following the Boltzmann distribution we get 
J - [1 - exp(-A/fcr)]/[l + 3iVexp(-A/fcBr)], where 
N is the number of triplet states, each 3-fold degener- 
ate, and A is the singlet-triplet energy gap; we used an 
averaged value A = llmeV for all triplets. The solid 
line (Fig. 4d) indicates the calculated normalized transi- 
tion intensity for a system with two triplet states and the 
dashed line for four triplet states in the new folded zone 
structure. Theoretical curves qualitatively explain the 
decrease in intensity. As the lines broaden with tempera- 
ture, the determination of line area becomes less accurate 
and thus T dependence of intensity cannot distinguish 
whether two or four triplet states exist. 

In the FIR we observed two distinct magnetic signals at 
4K. Firstly, the transitions from the singlet ground state 
to triplet states Ti and T2, and secondly, a paramagnetic 
signal. It is not expected that the paramagnetic response 
at 4 K originates from a thermally excited triplet state in 
the chains due to a large spin gap, A « 11 meV. There is 
evidence from susceptibility and ESR measurements that 
unpaired spins exist in Sri4Cu2404i. The g factor of the 
paramagnetic signal Qc = 2.038 ± 0.016 obtained from 
our experiments matches that of ESR 5c(4K)=2.038 at 
4K.^'* Above 20 K when the triplets are thermally popu- 
lated, the ESR detects transitions between triplet levels 
Ms = ±1 and Mg = 0. The g factors of both triplets 
measured in FIR, gic = 2.049 and g2c — 2.044, coincide 
with averaged value gd^OK) = 2.045 from ESR.6'23,24 
FIR measurements confirm directly that unpaired spins 
have gc similar to spin dimers g factors gic and g2c- Simi- 
lar gc components of the g tensor suggest a common local 



environment, as was proposed in Ref. 24, for the triplet 
and the paramagnetic site magnetic moments. Unpaired 
spins are in chains, instead of ladders. Unpaired Cu^+ 
spins in the chain subsystem destroy the perfect charge 
order with 5cchain periodicity and are in accord with the 
FIR active triplet Ti which, as we discussed above, is a 
result of doubling of the unit cell. 

At 20 K the linewidths of the singlet to triplet transi- 
tions seen in FIR is about 200 times larger than the ESR 
transitions, 23 1 cm-7200 = 5 x lO'^ cm'^ « 50 Oe. The 
difference between the two experimental probes is that 
FIR transitions are across the spin gap while ESR tran- 
sitions are within the triplet state. It is natural to as- 
sume that it is the distribution of spin gaps what makes 
the 200-fold increase of triplet linewidth in FIR spec- 
troscopy compared to ESR linewidth. Indeed, theoreti- 
cal calculations^^ have demonstrated that there is a sub- 
stantial fluctuation, 8%, of intradimer exchange coupling, 
~ lOmeV, which contributes the most to the size of the 
spin gap. This inhomogencous distribution should give a 
Gaussian and not a Lorentzian lineshape. However, there 
is inter-dimer exchange, ~ 1 meV, that reduces the effect 
of inhomogencous broadening and restores the Lorentzian 
lineshape, an effect similar to motional narrowing. 

Now we discuss selection rules of the observed singlet- 
triplet transitions. We have determined by measuring 
the crystals in different experimental geometries that 
both singlet-triplet transitions are electric dipole active. 
El II b polarized light excites the triplet state Ti and 
El II a light promotes singlets to the T2 triplet state. 
The electric field component of light cannot directly cou- 
ple to a spin system. In order to explain our obser- 
vations we consider a spin-phonon coupling mechanism 
where light couples to a phonon mode that lowers the 
symmetry of the lattice and generates an antisymmetric 
Dzyaloshinskii-Moriya (DM) interaction which couples 
singlet and triplet states. This dynamic DM transition 
mechanism has been successful in describing observed 
electric dipole active transitions in SrCu2(B03)22^'2^ and 
a'-NaVaOg.^^ 

There are several observations that suggest a dynamic 
DM interaction in spin chains of Sri4Cu2404i. Firstly, 
the dependence on the light polarization. The dynamic 
DM vector Dg is perpendicular to Ei and to the spin 
dimer axis that is the c axis in Sri4Cu2404i. The triplet 
Ti interacts with electric field vector of the light Ei || b 
and Dg is parallel to a axis for this triplet. The triplet 
T2 interacts with the polarization Ei || a and Dg is par- 
allel to b axis. The selection rules are: i) if Bq || Dg then 
the transition to T(0) is allowed and ii) if Bq -L Dg then 
transitions to T(— ) and to T(+) are allowed. One can see 
from Figs. 1 and 2 that the selection rules are satisfied: 
T(— ) and T(+) transitions are observed when Bq || c, 
selection rule ii) is satisfied. Moreover, when the mag- 
netic field was aligned along the b axis then the T2(-|-) 
line disappeared in Ei || a geometry (Fig. 2). This be- 
havior is consistent with the dynamic DM mechanism 
selection rule i). Secondly, the dependence of transi- 
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tion intensities on magnetic field. According to Eq. 1 
a shift in energy of the triplet level reduces (increases) 
the separation between the triplet level and the relevant 
phonon mode and increases (decreases) coupling between 
the triplet and phonon states. The magnetic field depen- 
dence of the intensity of the triplet Ti excitation, Fig. 3a, 
was fitted with singlet-triplet transition probabilities for 
the dynamic DM model using Eq. 13 and 14 from Ref. 
27: 



m-)\v\s)\' = i, 

KT(+)|y|S)|2 = 7, 



{qDg)^ncOphy 



■ (1) 



The spin gap value A = Ai = 77.8 cm~^ and the g factor 
g = Qc = 2.049 were fixed parameters; the phonon fre- 
quency, ujph, and Ip{qDq)'^ were the fitting parameters. 
The fit converged to a phonon at ajph = 94 ± 0.3 cm"-'^. 
A phonon has been detected at 95 cm^^ by reflectivity 
measurements. In order to determine whether this 95 
cm~^ phonon is the driving force behind the dynamic 
DM interaction in this compound normal mode calcula- 
tions have to be performed. To our knowledge this has 
not been done yet. Unfortunately, the limited Bq range 
does not allow us to determine the dynamic DM-active 
a-axis optical phonon of T2 triplet unambiguously. 



V. CONCLUSIONS 

We have reported the magnetic field and tempera- 
ture dependence of two triplet modes in the chains of 



Sri4Cu2404i with zero field excitation energies Ai = 
77.8 cm^i and A2 = 87.7cm"i at 4K. The triplet excita- 
tion at 77.8 cm~^ has not been observed before at the cen- 
ter of Brillouin zone. Hence the presently accepted spin 
lattice model for the chains in Sri4Cu2404i is incomplete 
and must include a triplet excitation at 77.8 cm~^ at 
k = 0. We propose a back- folding of the triplet branches 
(observed in INS) due to the doubling of the magnetic 
supercell from 5 to 10 chain units. The determination of 
g factors for free spins and triplets gave additional evi- 
dence that unpaired spins are in the chains and therefore 
the 5 chain unit periodicity cannot be retained. Optical 
selection rules for the observed singlet-triplet transitions 
are consistent with the dynamic Dzyaloshinskii-Moriya 
transition mechanism. 
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FIG. 2: Differential absorption spectra of triplet T2 in mag- 
netic field applied in the c axis direction with light k vector 
k II c and polarization Ei || a at 4.4 K measured using the 
(o6)-plane crystal. The spectra are offset in vertical direction 
by magnetic field value Bo- The inset shows differential ab- 
sorption spectra for the (ac)-plane crystal in Faraday (dashed 
line) and Voigt (solid line) configurations. Triplet T2(-|-) is 
not infrared- active when Bo || b as shown by the dashed line 
for an arbitrary chosen Bo = 5 T. 
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FIG. 1: Differential absorption spectra of triplet Ti in mag- 
netic field applied in the c axis direction with light k vector 
k II c and polarization Ei || b at 4.4 K. The spectra arc shifted 
in the vertical direction by 0.2Bq. Dashed lines are eye guides. 
The shaded area covers the spectral region of strong phonon 
absorption. 
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FIG. 3: Magnetic field Bo || c dependence of line areas 
and positions, a) Line areas of triplet modes (left axis) and 
FIR absorption spectra (right axis) at temperature 4.4 K for 
El II a and Ei || b polarizations. The solid line is the dy- 
namic Dzyaloshinskii-Moriya interaction model fit of the Ti 
absorption line axea. b) Ti and T2 line positions as a func- 
tion of magnetic field Bo. The inset shows schematically the 
observed transitions. 
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FIG. 4: Temperature dependence of triplet modes: a) T2(+) 

in 10 T field, b) Ti in zero magnetic field, c) line positions, d) 
observed normalized transition intensities; calculated singlet- 
triplet transition line area assuming 2 triplets (solid line) or 
4 triplets in the folded zone structure (dashed line). The INS 
data, Ref. 9, is at k = (2,0, -0.1). 




FIG. 5: Dispersion curves of the magnetic excitations in the 
chains (Refs. 9 and 10) and the observed triplet modes from 
FIR. The dash-dot lines are extra dispersion curves, derived 
from data by Regnault et aJ.^'\ after doubling the unit cell 
in the c axis direction. INS energy resolution is shown by 
error bars; FIR transitions have linewidth less than the size 
of experimental points on the graph. 



